Introduction
The genus Abies is a prominent representative of the Pinaceae in Northern Hemisphere. According to the taxonomic account by LIU (1971) the genus comprises 39 species, 23 varieties and 8 natural hybrids between sympatric species growing in different parts of the world. A more recent classification FAR- JON and RUSHFORTH (1989) proposed the existence of as many as 49 species, 23 varieties and 1 natural hybrid in Abies.
Based on the karyological evidence of SAX and SAX (1933) and the crossability data by ROHMEDER and EISENHUT (1961) , a close genetic relationship within the genus has been suggested (KIELLANDER, 1962; KLAEHN and WINIESKI, 1962) . Extensive experiments with artificial cross-pollination of Abies spp. have however only partially validated this conclusion. A high degree of mutual crossability has been proved unequivocally only among the Mediterranean firs (GREGUSS, 1984 1985). On the other hand, the North American representatives of Abies have been shown to be reproductively isolated not only from the Mediterranean firs but also to a high degree among themselves (MERGEN et al., 1964; HAWLEY and DEHAYES, 1985; CRITCHFIELD, 1988) . These findings significantly weakened the hypothesis of a close genetic affinity among Abies species.
Another line of evidence supporting profound differentiation within the genus has been provided recently by the restriction fragment length polymorphisms (RFLP) analysis of Abies chloroplast DNAs (cpDNAs). Analysing 10 different genes and regions of Abies cpDNA PARDUCCI and SZMIDT (1999) were able to differentiate between a group of species A. alba, A. bornmül-leriana, A. nordmanniana, A. cephalonica and A. cilicica growing in relatively adjacent regions of the Mediterranean basin and a group of species A. nebrodensis, A. numidica, A. pinsapo and A. concolor with a scattered and isolated occurrence in Sicily, North Africa, Iberian Peninsula and in North America, respectively. At the nucleotide sequence level ISODA et al. (2000b) revealed profound differences in the cpDNA trnL and trnF intergenic spacer region of 9 Asian, 2 Mediterranean and 6 North American species of firs. The authors stressed the importance of systematic studies of the genus Abies at the DNA level owing to the difficulties with its classification based on morphological traits.
In order to determine the extent of genetic variation within Abies on a broader scale, a comparative study of cpDNA restriction profiles was made involving 15 Asian, 6 North American and 7 Mediterranean species. This accounts for majority of the Abies representatives distributed in the respective regions of the world.
Material and Methods

Plant material
The list of species subjected to analysis of their cpDNAs together with their taxonomic status and geographic distribution is presented in Table 1 . Each species was represented in the experiment by only one individual. The samples of A. alba and A. kawakamii were collected from the individuals in natural stands in Slovakia and in Taiwan, respectively. The samples of remaining species were derived from the specimen introduced to Arboretum Mlynany and Arboretum Kysihybel in Slovakia, to the "Arboretum Tannenhöft" at the Institute for Forest Genetics, Grosshansdorf in Germany and to the Hørsholm Arboretum in Denmark.
DNA isolation, primer types and DNA amplification
Total DNA was extracted from young needles using modified protocol of MURRAY and THOMPSON (1980) in which only 0.5 g of needles per individual were used instead of prescribed 10 g of needle material. This also reduced the amount of extracting buffer used (7 ml instead of 200 ml).
Eight pairs of heterologous primers specific for the chloroplast genome were employed to amplify the corresponding cpDNA regions. The designation of the primers, their sequences and size are shown in Table 2 . PCR was run in PTC-200 Peltier Thermal Cycler (MJ Research). DNA amplification was performed at 94°C for 30 s, followed by 34 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for 1 min. The last strand elongation at 72°C required an additional 2 min. To confirm successful amplification and to determine the size of the amplified fragment, 2 µl of the PCR products were separated by electrophoresis in 1% agarose gel containing ethidium bromide (125 ng per 250 ml of gel mixture), in 1x TBE. The DNA fragments were visualized by UV fluorescence.
DNA digestion
The PCR products obtained with all the 8 primers were digested with the restriction enzymes Dra I, Hind III, Vsp I, Taq I, Tru1l, Hae III, Msp I, Hinf I, Hpa II and Cfr 131, respectively. Of the total PCR amplification volume, 6 µl of the PCRproduct was digested by 5 units of restriction nuclease following manufacturer's instruction (MBI Fermentas, Promega). The cpDNA fragments were fractionated electrophoretically in 2 % agarose gel with ethidium bromide (125 ng per 250 ml of gel mixture) and 1x TBE buffer. Electrophoresis was run at 6 V/cm for 3.5 hours. Separated fragments were visualized by UV fluorescence. The size of individual fragments was estimated by comparison with a molecular standard (GeneRuller™ 100 bp DNA Ladder Plus, MBI Fermentas).
Data analysis
Of the 80 digestions performed only 15 primer-enzyme combinations revealing polymorphism were taken into account when constructing a cladogram ( Table 3) . Variants of the restriction site were recorded as the presence (1) versus the absence (0) of the restriction site at the corresponding fragment. Phylogenetic relationships among Abies species were reconstructed by both UPGMA (unweighted pair-group method average) on the basis of Nei's genetic distance and Wagner parsimony method (PHYLIP v3.5c; FELSENSTEIN, 1993) . Statistical tests of the topology on the phylogenetic tree were performed with 100 bootstrapped samples (FELSENSTEIN, 1993) .
Results
Each of the 8 pairs of primers used efficiently amplified the corresponding cpDNA regions in all the 28 Abies species investigated. The approximate size of the PCR products ranged between 1200 bp (rpl 2 ) and 2854 bp (rpoC 1 , Table 2 ). No variation in size of PCR products was observed between individual species in 1% agarose gel. Sumarilly the results of the restriction analysis are presented in Table 3 .
A considerable restriction site divergence was observed between individual species or groups of species, but most con- Kormutak et al.·Silvae Genetica (2004) 53-3, 99-104 DOI:10.1515/sg-2004-0018 edited by Thünen Institute of Forest Genetics spicuous was the difference between the Asian and North American firs on the one hand and Mediterranean firs on the other hand. The absence of Dra I restriction site in the rbcL 1 -rbcL 2 region of the former group has, as a rule, contrasted with its presence in the latter one. The same was true of the rpl 2 /Msp I probe-enzyme combination and also partially in the psbD/Cfr 131 combination. However, in case of psbD/Cfr 131 the differences in position of restriction sites instead of their complete absence were responsible for the differentiation between these groups of species. The Asian species A. firma shared identical restriction sites psbD/Cfr 131 with the Mediterranean firs. A clearcut difference between the Mediterranean firs and a group of Asian and North American firs was also found in the Hinf I restriction sites of the trnK region. Contrary to the observation described above, there were restriction site variants in the combinations rbcL 1 -rbcL 2 /VspI and psbB/MspI, which differentiated the Asian species from the North American and Mediterranean firs. The only exceptions were the Asian species A. mariesii and the North American species A. lasiocarpa. The former shared the same restriction sites for both primer-enzyme combinations as the Mediterranean species, whereas the latter possessed the identical restriction sites with the Asian species but only for the combination of rbcL 1 -rbcL 2 /VspI.
Of the three groups of Abies species studied, the Mediterranean firs exhibited the lowest level of polymorphism. Except for a combination of trnS-psbC/HaeIII, no restriction site variant was observed among Mediterranean firs in 14 of the 15 analyzed primer-restriction enzyme combinations. The species A. nebrodensis and A. pinsapo shared the same restriction sites of trnS-psbC/HaeIII as the Asian and North American species.
A limited number of restriction site variants were observed among the Asian species, where 8 of the 15 species showed an identical haplotype. Six of the 10 restriction site variants, observed among the Asian species, were observed only in a single species, A. mariesii. Four species of the section Elate (A. koreana, A. nephrolepis, A. sachalinensis, A. veitchii) showed a unique restriction site for a combination of rpoC 1 /TaqI compared to the other species. In combination trnK/HpaII, a complete absence of restriction site was observed only in A. chensiensis. This may be used as a genetic marker for identification of the species provided more individuals of the species are subjected to analysis to rule out the intraspecific variation. Compared to other Asian species, A. firma showed a unique restriction site variant for a combination of psbD/Cfr131, which was identical with that observed in the Mediterranean species.
In comparison with the Mediterranean and Asian firs, the North American species were much more heterogeneous. Especially divergent was the species A. lasiocarpa of the section Balsameae possessing unique restriction site variants of trnLtrnV/MspI, rpoC 1 /Hinf I and rbcL 1 -rbcL 2 /VspI all of which were found to be monomorphic in the rest of the North American species. The species-specific variants trnK/Hinf I and rpoC 1 / TaqI were also revealed in A. procera. Based on the rpoC 1 / MspI and rpoC 1 /Hinf I restriction site variants, a group of species A. concolor, A. grandis and A. amabilis of the section Grandes was distinguished from the other species analyzed so far. Within the section Grandes, only A. grandis and A. amabilis showed the identical restriction site variant of trnSpsbC/TaqI combination differing from the rest of the species. Both the above species shared identical restriction site variant trnS-psbC/Tru1l with the Asian species A. mariesii.
Based on the observed restriction site changes among species, a phylogenetic relationship among Abies species has been constructed (Fig. 1) . The three global groups of Abies taxa have accordingly been recognized corresponding to the Asian, North American and Mediterranean firs. A group of the 4 Asian Abies lasiocarpa of the section Balsameae has also deviated profoundly from the rest of the North American species suggesting its close relationship with the Asian species. Conversely, the Asian species A. mariesii showed the least divergence from the hypothetical ancestor compared to other Asian species suggesting a close relationship with the North American species. This might be caused by 6 unique restriction site variants observed only in A. mariesii among the Asian species. Of these, 5 variants were shared with the North American species A. procera. In general, the Asian species were the least differentiated from each other. Although phylogenetic resolution among species was very low, the species of most sections formed distinct groups on a cladogram. The only exceptions were the sections Homolepides and Elatiopsis which were grouped together. The species in the North American group were most diversified from each other. This resulted in a low degree of concordance between the restriction profiles and taxonomic status of the species investigated. Among the representatives of the section Grandes, A. grandis and A. amabilis showed identical restriction profiles while A. concolor differed by 4 restriction site variants. Two species of the section Nobiles (A. procera, A. magnifica) differed by 3 restriction site changes from each other.
Contrary to the North American firs, phylogenetic reconstruction among the Mediterranean firs revealed the least differentiation among them and a low degree of concordance between the restriction profiles and taxonomic status of the species. An overwhelming majority of these species were grouped together. However, 2 species belonging to the different sections but showing identical restriction profiles (A. nebrodensis, A. pinsapo) were grouped together. There was a single restriction site change between these species and the rest of Mediterranean firs.
Discussion
In spite of postulated conservative nature of the gene-coding regions, the conifer cpDNA was found to harbour a large amount of variation in its intron and spacer regions (ISODA et al., 2000) . This makes the analysis of cpDNA variation useful for phylogenetic studies between species. In Abies, the multiple variable regions are believed to be scattered throughout the whole genome (PARDUCCI and SZMIDT, 1999) . Several attempts to characterize such variation in the genus Abies using PCR-RFLP approach have been attempted in recent years (TSUMURA et al., 1995 (TSUMURA et al., , 2000 ZIEGENHAGEN and FLADUNG, 1997; PARDUCCI and SZMIDT, 1999) . The results showed unequivocally the variable nature of Abies cpDNA especially at the species level. However, within-species variation has also been documented in A. alba, A. mariesii and A. sachalinensis (ZIEGENHAGEN and FLADUNG, 1997; TSUMURA et al., 1994; HAYASHI et al., 2000) . This aspect should be kept in mind when interpreting the results of presented study involving only 1 specimen of each species investigated. Previous studies on Abies species have been focused on the species of only one region or continent. Accordingly, TSUMURA et al. (1995) failed to detect any variation within 6 genes of cpDNA among the species A. mariesii, A. sachalinensis, A. homolepis and A. veitchii. These representatives of the genus Abies in Japan formed one cluster on a phylogenetic tree diverging considerably from the representatives of several other genera of Pinaceae. PARDUCCI and SZMIDT (1999) included eight Mediterranean species and one North American species in their study. It was only the North American species A. concolor which exhibited the most diverged haplotype among the species analysed. ISODA et al. (2000) subjected ten Asian, six North America and two Mediterranean species to sequence analysis of the intergenic spacer trnL and trnF. The Mediterranean species, A. alba and A. nordmanniana were found to be the most differentiated from other species in their tandem repeat sequence. Therefore, it seems reasonable to assume that sampling of species from different parts of the world may contribute to recognizing more completely the extent of genetic differentiation within the genus Abies.
The results presented in this study proved the benefits of using a molecular approach in understanding species relatedness in the genus Abies. There was illustrated a unique genetic status of the Mediterranean firs conspicuously diverging from the Asian and North American firs. Independent clustering of A. nebrodensis and A. pinsapo within a group of Mediterranean firs was due to a single variation in their trnS-psbC region revealed by HaeIII. It is interesting to mention in this connection that no variation of this kind was detected among Asian and North American firs. All the specimen were characterized by the G4 haplotype only, based on the classification by ZIEGEN- HAGEN and FLADUNG (1997) . Unfortunately, we were unable to confirm the differentiation among the Mediterranean species which was reported by PARDUCCI and SZMIDT (1999) . Different primers and restriction enzymes used in the respective studies may be one of the reasons for this discrepancy. Phylogenetic relationships among the Mediterranean firs constructed on the basis of cpDNA mutations agree with the ample evidence concerning mutual crossability of Abies species in the region (ROHMEDER and EISENHUT, 1961; GREGUSS, 1984; GREGUSS and PAULE, 1989) . On the contrary, the divergence of the Mediterranean firs from the North American species is also supported by the existence of a strong reproductive isolation between these groups of species, which was proved experimentally in both hybridological and embryological studies (KORMUTAK, 1985; KORMUTAK et al., 2002) .
When the phylogenetic tree was rooted by a pair of A. nebrodensis and A. pinsapo species both of which were most distantly related to other operational taxonomic units (OTUs) in the unrooted dendrogram constructed with unweighted pair-group method using averages-UPGMA (figure not presented), the clade leading to the North American and Asian species was significantly similar (confidence interval of 100 %). This suggests a monophyletic origin of both North American and Asian firs. Apparently, they have evolved from the same hypothetical ancestor, probably from one of the Mediterranean firs. The cladogram also indicates that North American species diverged first from the Mediterranean firs before their divergence from the Asian species.
Regarding unusual phylogenetic topologies of A. mariesii and A. lasiocarpa, a strong support for validity of our finding has been provided by the sequence analysis data of cpDNA by ISODA et al. (2000a) . Based on DNA sequence analysis of 3 cpDNA spacer regions in 15 Abies species, the authors concluded that origin of A. mariesii might be different from the other four Japanese species. This Asian species showed a close relationship with the North American species A. balsamea and A. lasiocarpa as well as with the Asian species A. holophylla, A. koreana, A. nephrolepis and A. sibirica . The authors proposed that the divergence of A. mariesii occurred together with the North American species A. concolor and A. grandis in the early stage of Abies evolution. However, with regard to the observed phylogenetic status of A. mariesii, which according to our data was included into the North American group, the possibility of a recent introduction of the species from North America into Asia (Japan) also could not be ruled out. More careful taxonomic consideration is required to verify this hypothesis.
Among the North American firs, A. lasiocarpa turned out to be most divergent from the rest, which resulted in the closest phylogenetic relationship with the Asian firs. Although the confidence interval (80 %) was not high enough to hypothesize that the origin of A. lasiocarpa and the Asian firs was monophyletic, there might be still relatively strong possibility that it has evolved from the same ancestor. The most divergent topology of A. lasiocarpa from the rest of the North American species is also in accordance with hybridological data by HAWLEY and DEHAYES (1985) who postulated the incompatible nature of the interspecific cross between A. concolor and A. lasiocarpa. Conversely, the interspecific combinations A. procera x A. magnifica, A. procera x A. grandis, A. procera x A. concolor, A. amabilis x A. grandis and A. amabilis x A. concolor were reported to be compatible (MERGEN et al., 1964 (MERGEN et al., , 1968 GAUDLITZ, 1983 GAUDLITZ, , 1985 CRITCHFIELD, 1988 ).
There were 3 subgroups recognized among the North American species, which represented a more profound diversification within this group of species as compared to the Mediterranean species. However, judging from the levels of the confidence limits on each node, they were not divergent enough to be grouped as independent clades. Overall phylogenetic relationships among the North American firs revealed that there was discrepancy between cpDNA patterns and taxonomic classification of the species in this region. For example, A. concolor and A. grandis which intercross spontaneously in a zone of their sympatry in western part of USA, were the closest ones and differed by 4 restriction site changes (HARLOW and HARRAR, 1958; HAMRICK and LIBBY, 1972) . A high genetic affinity between these species was also proved by successful attempts with their artificial hybridization (LARSEN, 1934; ROHMEDER, 1960; KLAEHN and WINIESKI, 1962; CHIRA, 1971, 1972; CRITCHFIELD, 1988; KOBLIHA, 1994) . Although based on 1 specimen only the four restriction site variants observed between A. concolor and A. grandis (trnS-psbC/Tru1l, trnL-trnV/Rsa I, rbcL 1 -rbcL 2 /Hind III, rpl 2 /Tru1l) offer the possibility for identification of parental species and hybrid individuals within sympatric area.
Regarding the Asian species, our results only partially correlated with the nucleotide sequence data of ISODA et al. (2000b) . The authors found the same tandem repeats in the cpDNA spacer region between trnL and trnF genes in A. koreana, A. nephrolepis, A. sachalinensis, A. veitchii, A. densa, A. sibirica, A. firma and A. homolepis belonging taxonomically to the sections Elate, Pichta, Momi and Homolepides, respectively. Only A. holophylla and A. mariesii of the section Homolepides differed in this respect. Our data confirmed differentiation between the Asian species according to the sections. The only exceptions were the species of the section Elatiopsis (A. recurvata, A. delavayi, A. delavayi var. georgei, A. squamata) and Homolepides (A. kawakamii, A. holophylla, A. homolepis) occupying common position on a cladograme. However, the branching patterns of the Asian species is based on single restriction site changes only suggesting close genetic relationships among them. A considerable differentiation of A. firma from A. homolepis and A. veitchii has been recently reported by ISODA and SHIRAISHI (2001) based on the nuclear-encoded Gap gene. Available hybridological data also indicate extensive hybridization among Asian species irrespective of their taxonomic status (HUSAO and KENICHI, 1951; KLAEHN and WINIESKI, 1962; MER-GEN et al., 1964 , 1988 ISODA and SHIRAISHI, 1999; ISODA et al., 2000; IIZUKA et al., 2000) .
In the light of recent taxonomic divisions of the genus Abies, it seems unjustified the placement of A. koreana, A. nephrolepis, A. sachalinensis and A. veitchii into the section Balsameae and A. homolepis and A. holophylla into the section Momi as proposed by FARJON and RUSHFORTH (1989) . There is a much higher degree of consistency between our results and the taxonomic account of the genus given by LIU (1971) . However, additional comprehensive data on the morphological traits, crossability and molecular information should be necessary to make a responsible decision about modification of the Abies taxonomy in future.
Conclusion
Presented results of PCR-based restriction analysis of cpDNA in 28 representatives of the genus Abies provided evidence which supports the heterogeneous nature of the genus. This is in contradiction with the concept postulating close genetic affinity between Abies species. The divergence of the Mediterranean species from both Asian and North American firs already documented from hybridological studies has been confirmed at the molecular level. A group of the Mediterranean firs has accordingly been shown to involve genetically closely related species. The Asian firs exhibited more complex branching patterns, whereas the North American firs revealed the highest degree of genetic diversification among species. The unusual topologies of the Asian species A. mariesii and the North American species A. lasiocarpa observed in the this study need to be verified.
